INTRODUCTION
During pregnancy, infants are exposed to the mother's voice 1 and probably begin perceptual learning of speech patterns. 2 Cochlear development 3 and fetal reactivity to sounds 4 suggest that hearing occurs only after 20 to 24 weeks' gestation. As the survival rate of infants born after 23 weeks' gestation increases, more infants are being cared for in enclosed incubators for 1 to 2 months of this learning period. In order to determine the exposure of these developing infants to the human voice, the signal transmission loss of white noise directed into newborn care incubators and the frequency spectrum of incubator motor sound were investigated. These data were then applied to male and female speech spectra values to demonstrate the infant exposure to the human voice in an incubator. The results suggest that the exposure to the human voice in this setting is significantly less than is the case for infants cared for outside an incubator.
METHODS
The incubators examined were Isolette Infant Incubator (Model C2HS-1; Air-Shields, Hattboro, PA) and Ohmeda Ohio Care Plus (Model 4000; Ohmeda Medical, Madison, WI). The dates of release of these models are 1997 and 1995, respectively. The incubators were provided by the companies for this project and were cleaned and inspected prior to use. Each incubator contained its mattress covered by a baby blanket and sheepskin. Sound pressure levels (SPLs) were measured using a sound level meter (SLM; Quest Model 2900; Quest Technologies, Oconomowoc, WI) with an octave band analyzer (Quest Model OB 300), prepolarized electret microphone (Quest Model QE7052), and extension cable (Quest Model 059-733). The test stimulus for assessment of signal transmission loss to the incubators was delivered by a speaker (Radioshack Model Optimus XTS 36; Radioshack, Fort Worth, TX) attached to a boom and mounted on a microphone stand. The test stimulus was a composite noise (200 Hz through 8000 Hz in 100 Hz steps). This noise was generated by a Fonix 6500-CX Hearing Aid Test System with QuikProbe II (Frye Electronics, Tigard, OR) and routed through a clinical audiometer (Grason-Stadler GSI 61 Model 1761-9780XXE; GrasonStadler, Milford, NH) and amplifier (AB International Precedent Series 1450 Model 574309; AB International Electronics, Roseville, CA) to the speaker. All testings were conducted in a double-walled sound-treated audiometric suite. The sound level meter was calibrated prior to test measurements using an acoustic calibrator (Quest Model QC-10) according to the manufacturer's specifications.
Two talker positions were used. In the first position, created to simulate a nurse standing facing the incubator, the speaker was set at
OBJECTIVE:
To assess the transmission of sound into incubators as a function of talker position ( i.e., standing or sitting ), incubator port position ( i.e., opened or closed ), and center frequency ( i.e., 125 to 10,000 Hz in one -third octave steps ). The second objective was to estimate the audibility of the human voice inside the incubator.
STUDY DESIGN:
L eq measures of signal transmission loss and motor noise were obtained from two incubators.
RESULTS:
In general, signal transmission loss was greater for the standing -talker position, with front portholes closed, and for high -frequency spectra. Motor noise was greater with both front portholes closed and for lower -frequency spectra. The greatest signal delivery to an infant would be obtained when the speaker is sitting using a raised vocal effort while the incubator ports are opened.
CONCLUSION:
Measured signal transmission loss and motor noise characteristics of two incubators suggest that only mid -frequency speech spectra would be audible to infants and only at a speech -to -noise ratio of approximately 5 to 10 dB with a raised vocal effort. 
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vertical height of 150 cm, above the mid-point between the two portholes and 10 cm from the front vertical wall plane of each incubator hood. A À308 altitude was used to simulate the angle of incline of the speaker's head. In the second talker position, created to simulate an adult sitting facing the incubator, the speaker was placed 25 cm from the front vertical wall of the incubator hood, centered horizontally and vertically between the two portholes at a 08 azimuth. For all test conditions, the microphone was placed in the incubator and oriented toward the speaker to approximate an infant's ear position while lying on their side. The microphone was 15 cm above the metal bed plate, 20 cm from the head end, and centered between the front and rear vertical sides of the incubator hood. The microphone was held in place by a clamp. The extension cord was threaded through an intravenous access port of the incubator. Experimenters recorded SLM measurements outside of the sound-treated audiometric suite. To assess signal transmission loss, SPL was first measured with the microphone in place with the hood removed from the incubators for both talker positions. Then with the hood in place, SPL was assessed with both front incubator ports maximally opened and closed in the standing and sitting talker positions. In all six of these conditions, the incubator motor was turned off. At all test frequencies measured, signal intensity exceeded the ambient background noise by 30 dB or more. To assess operating noise, the incubator motor was turned on while the composite noise signal through the speaker was turned off. Two measurements were made; one with both front ports maximally opened and one with both front ports closed. For all conditions, twelve 1-second L eq samples were obtained in one-third octave steps from 125 to 10,000 Hz. Individual L eq measures were obtained by sampling SPL 32/second. L eq is the A-weighted SPL energy mean of the signal averaged over the time period. It can be considered as a continuous steady SPL level, which would have the same total A-weighted acoustic energy as the fluctuating SPL measured over the same period of time. L eq data were stored in the sound level meter and then downloaded via a hyperterminal to a personal computer (Hewlett Packard Model Vectra VL) for later analyses. Signal transmission loss for each incubator was defined as the L eq measure with the incubator hood removed minus the L eq measure with the incubator hood in place for each respective test condition. 
RESULTS
Signal transmission loss (in L eq ), as a function of incubator type, talker position, incubator port position, and center frequency, is presented in Figure 1 . Motor noise (in L eq ), as a function of incubator type, incubator port position, and center frequency, is presented in Figure 2 . A four-factor mixed analysis of variance was used to investigate differences in mean signal transmission loss as a function of incubator type, talker position, incubator port position, and center frequency. The results of the analysis are presented in Table 1 . A non-significant main effect of incubator type was found. All other main effects and interactions were significant ( p<.05). In general, signal transmission loss was greater for the standing talker position, with front portholes closed, and for high-frequency spectra.
A three-factor mixed analysis of variance was used to examine motor noise as a function of incubator type, incubator port position, and center frequency. All main effects and interactions were significant ( p<.05). The results of the analysis are presented in Table 2 . In general, motor noise was greater with both front portholes open and for lower-frequency spectra.
In an effort to assess the audibility of the human voice inside the incubator, the signal transmission loss values obtained above were applied to the average one-third octave speech spectra values of normal and raised vocal efforts for males and females. 5 Speech spectra for females and males as a function of vocal effort are shown in Figure 3 . Male and female speech spectra are similar except that male speakers show greater vocal energy in the one-third octave bands below 200 Hz. These levels of vocal effort were employed considering three factors. First, the mean speech levels for normal and raised vocal efforts for females are 55 and 63 and males are 58 and 65 dB A, respectively. Second, it has been reported that the average background noise levels in the neonatal intensive care unit are approximately 55 to 58 dB A. 6 Third, people maintain about a 5 dB speech-to-noise ratio 1 when conversing in this background noise level. 5 In other words, these levels of vocal effort would effectively maintain a 5-dB speech-to-noise ratio in the background noise typically encountered in the neonatal intensive care unit. In addition to applying the signal loss transmission values to the speech spectra, motor noise must be taken into account when estimating the audibility of the human voice inside the incubator. That is, once the attenuated speech spectra have arrived at the infant's ear, it must be at a SPL that is above the motor noise to be audible (i.e., not masked by the motor noise). Four scenarios were calculated and are presented in Figure 4 . The first two included a male with normal and raised vocal efforts in a sitting position with the incubator ports opened with the Air-Shields incubator (see the left graph in Figure  4 ). This represented a``best case'' scenario as the vocal effort of the male is louder and signal transmission loss is the least in the sitting position with the incubator ports opened. The final two scenarios included a female with normal and raised vocal efforts in a standing position with the incubator ports closed with the Ohmeda incubator. This represented a``worst case'' scenario as the vocal effort of the female is less intense and signal transmission loss is the greatest in the standing position with the incubator ports closed. As evident in Figure 4 , not all of the estimated speech spectra would be audible to the infant, particularly for the female speaker regardless of vocal effort in a standing position with the incubator ports closed. In the best case scenario, only the mid-frequency spectra would be audible and only at a speech-to-noise ratio of approximately 5 dB for a male with normal vocal effort. With a raised vocal effort, most of the speech spectra would be audible above 500 Hz at a speech-to-noise ratio of approximately 5 to 10 dB for a male speaker in the sitting position with the incubator ports opened. In general, greatest signal delivery to the infant was obtained when the speaker used a raised vocal effort, in a sitting position, and with the incubator ports opened.
DISCUSSION
Mean signal transmission loss varied significantly as a function of incubator type, talker position, incubator port position, and center frequency. In general, signal transmission loss was greater for the standing-talker position, with front portholes closed, and for highfrequency spectra. As well, motor noise varied significantly as a function of incubator type, incubator port position, and center frequency. Generally, motor noise was greater in the low frequencies. The two incubators differed in that the Air-Shields incubator had greater high-frequency motor noise while the Ohmeda incubator had greater low-frequency noise. This finding is consistent with that reported in previous studies using different models of Air-Shields and Ohmeda incubators. 7, 8 In addition, the motor noise was generally more intense with the ports opened, particularly for the Air-Shields incubator in the low frequencies. Although the differences between motor noise with the ports open and closed were significant, they were small (i.e., less than 5 dB) and not deemed to be clinically relevant.
The general findings regarding signal transmission loss are in agreement with those reported by others 7, 8 in which they found that signal transmission loss was greater for high frequencies. Significant overall difference between the sound attenuation characteristics of various incubators has also been observed. 7, 8 Differences between dissimilar models from the same manufacturers and models from other manufacturers should not be surprising considering disparate physical dimensions and materials found in incubators.
With respect to motor noise, findings of predominantly lowfrequency generated noise are consistent with previous research. 7, 8 The overall intensity levels are also similar to previously reported values. Unfortunately, not all of the speech spectra would be transmitted into an incubator considering the gender, position, and vocal effort of the speaker, and in addition, different attenuating characteristics of incubator models, incubator port position, and motor noise. The most effective signal transmission into the incubator occurs when the signal originates in the sitting position with the ports opened. It is well known that reducing the distance between the source of a signal and the receiver will increase audibility of the signal. In the sitting position, the distance between the talker and the incubator is reduced, compared to the standing position. Second, when the incubator ports are opened, attenuation is reduced, which allows more sound energy to enter the incubator. Thus, signal intensity will be increased.
If one presumes that fetal exposure to the human voice is advantageous, this type of sound exposure should, perhaps, be continued after birth in the very premature infant. However, the characteristics of sounds, especially the human voice, received and heard by the fetus are not well delineated. The variables affecting the reception of acoustic stimulation to the fetal cochlea include intensity of exogenous sounds, attenuation of exogenous sounds by the abdominal wall and uterus, masking of exogenous sounds by endogenous physiologic noise, the efficiency of sound transmission to and into the fetal head, and cochlear sensitivity. These factors are well discussed in review articles. 1, 4 Cochlear microphonic measurements in fetal sheep suggest that the fetus in utero can detect speech sounds but only at frequencies below 500 Hz and when the airborne signal exceeds 60 dB SPL. 12 Several methods of enhancing voice exposure of the premature infant have been proposed. Current recommendations suggest that sound levels in the nursery be reduced to an hourly L eq of 50 dB A. 13 As the overall noise level decreases, voice level similarly decreases. 5 A recommendation to reduce ambient background levels in the nursery would, therefore, predictably have little effect on the voice signal transmission to the infant in an incubator. Reduction of the motor noise could improve the signal received by the infant. Incubator manufacturers have reduced the motor noise significantly and should continue this effort. Many parents make recordings of their voices to be played inside the closed incubator. The problem with recordings is that there may be no control of the quality, loudness, or length of the exposure. Others suggest that the parent should be positioned as close as possible to an opened porthole nearest the infant's head. Figure 4 (left panel) illustrates that even in the optimal situation of male voice, raised vocal effort, sitting position, and incubator port open, there is masking of the attenuated speech spectrum by the motor noise below 500 Hz so this maneuver would not normally provide more exposure to the low-frequency voice sounds presumed to be heard in utero and might also raise concerns about thermal stability. With these limitations in mind, we suggest that the best alternative approach, if possible, is for the infant to have more time out of the incubator, in a quiet environment, being spoken to by the parents.
